Wilson and Bappu found a tight correlation between the stellar absolute visual magnitude (M V ) and the width of the Ca II K emission line for late-type stars in 1957. Here, we revisit the Wilson-Bappu relationship (hereafter, WBR) to claim that WBR can be an excellent indicator of stellar surface gravity of late-type stars as well as a distance indicator. We have measured the width (W ) of the Ca II K emission line in high resolution spectra of 125 late-type stars, which were obtained with Bohyunsan Optical Echelle Spectrograph (BOES) and adopted from the UVES archive. Based on our measurement of the emission line width (W ), we have obtained a WBR of M V = 33.76 -18.08 log W . In order to extend the WBR to be a surface gravity indicator, the stellar atmospheric parameters such as effective temperature (T eff ), surface gravity (log g), metallicity ([Fe/H]), and micro-turbulence (ξ tur ) have been derived from the self-consistent detailed analysis using the Kurucz stellar atmospheric model and the abundance analysis code, MOOG. Using these stellar parameters and log W , we found that log g = − 5.85 log W + 9.97 log T eff − 23.48 for late-type stars.
Introduction
The Ca II K line (λ = 3933.7Å) of late-type stars has chromospheric emission feature superimposed on the deep photospheric absorption. The Ca II K emission feature is stronger in more evolved stars since the chromospheric activity increases as a late-type star evolves from the main sequence to the giant stages (i.e., as the luminosity increases) (Pasquini et al. 1990; Dupree et al. 1999 ). Wilson & Bappu (1957) found a strong relationship between the absolute visual magnitude (M V ) and the width of the Ca II K emission line (log W ) of late-type stars, referred to as the Wilson-Bappu relation (WBR); one feature of this relation is that it is independent of stellar spectral type. Wallerstein et al. (1999) 
obtained the WBR using
Hipparcos parallaxes for the first time. Pace et al. (2003) used high resolution spectra and Hipparcos data to obtain a WBR, and they applied the WBR to estimate the distance to M67.
Several studies regarding the relationship between the width of the Ca II K emission line and the stellar parameters, such as effective temperature (T eff ), surface gravity (log g), and metallicity ([Fe/H]) have been carried out over the past four decades (Reimers 1973; Neckel 1974; Ayres 1979; Lutz & Pagel 1982) . Reimers (1973) found empirically that the width of the Ca II K emission line is related to T eff and log g and Neckel (1974) provided a theoretical framework for this relation. Ayres (1979) showed how the width of the Ca II K emission line varies with the surface gravity (∆λ HW HM ∼ g −1.4 ) and T eff ; the width is sensitive to the gravity, but insensitive to T eff . Lutz & Pagel (1982) also showed that the width of the Ca II K emission line depends on T eff , log g, and [Fe/H]. Dupree & Smith (1995) also reported that the width of the Ca II K emission line depends on [Fe/H] 
in
The chemical composition of host stars is an important connection between the properties of planets and the environment in which they formed. Conventionally, the chemical abundances of late-type stars are estimated using an abundance analysis code and a model stellar atmosphere, which requires the information of T eff , log g, and [Fe/H]. However, stellar atmospheric models require spectra covering a sufficient number of Fe I and Fe II lines.
In addition, singly ionized atomic absorption lines such as Fe II are not easily detected in M type stars, including M dwarfs. T eff of late-type stars can be derived relatively easily using spectroscopic or photometric methods (e.g. van Belle et al. 1999; Casagrande 2010 ).
However, a simple indicator of stellar gravity has not yet been proposed.
In this context, we extend WBR to be an indicator of the surface gravities of late-type stars, including M type stars. This is done for the first time, although there have been many studies regarding WBR over the half-century.
In Section 2, we describe our observations and spectral data. In Section 3, we explain our method for determining the parameters of stellar atmospheres and measuring the width of the observed Ca II K emission lines. We present our results and discuss WBR as a surface gravity indicator, in Sections 4 and 5, respectively. We summarize our results in Section 6.
The Data

BOES Observations
The Bohyunsan Optical Echelle Spectrograph (BOES) is a high resolution echelle spectrograph attached to a 1. ) of 45,000 using the 200 µm fiber. The observed wavelength range was 3600Å -10500Å, covering the full optical spectrum. The signal-to-noise ratio (SNR) at the bottom of the Ca II K emission line is typically about 30, ranging from 12 to 107. The information on the observed targets are listed in Table 1 .
The observation data were reduced by the IRAF (Image Reduction and Analysis Facility) echelle package. Each aperture from the spectral images was extracted using a master flatfield image. Using the flatfielding process, we corrected the interference fringes and pixel-to-pixel variations of the spectrum images. A ThAr lamp spectrum was used for wavelength calibration.
UVES Archive
Echelle spectra of 53 late-type stars (G, K and M) were adopted from the UVES POP (Paranal Observatory Project) field star archive (Bagnulo et al. 2003) . UVES POP provides data in a reduced form. The spectra were obtained using the UVES echelle spectrograph at the Very Large Telescope (VLT) by the European Southern Observatory (ESO). To cover the full optical wavelength range (304 -1040 nm), all stars were observed with two instrument modes: Dichroic #1 and Dichroic #2. We used the Dichroic #2 437 blue arm data, which has a central wavelength of 437 nm and covers 373 to 499 nm, where the Ca II -6 -K emission line is located.
UVES provides high resolution and efficiency at UV wavelengths. The UVES data have a spectral resolution of ∼ 80,000 and median SNR of ∼ 100 at the bottom of the Ca II K emission line; the SNR of the UVES spectra ranges from 32 -246. The stars included in this work are listed in Table 1 .
Spectroscopic Analysis
Stellar Atmospheric Parameters
By using a model atmosphere and abundance analysis code, we determined T eff , log g, [Fe/H] and micro-turbulence (ξ tur ) for the stellar atmosphere. We performed a self-consistent detailed analysis using the equivalent widths (EW s) of the Fe I and Fe II lines. The EW s of the Fe I and Fe II lines were measured using TAME (Tool for Automatic Measurement of Equivalent-width) (Kang & Lee 2012) for the 80 G and K type stars, whose stellar properties are appropriate to use the adopted stellar atmospheric model (e.g.
T eff ≥ 3500 K). From the EW s data, the Fe abundance from each Fe I and Fe II line was estimated by the revised 2010 version of MOOG (Sneden 1973 ) and Kurucz ATLAS9 model grids (Kurucz 1993) .
We chose the effective temperature and the micro-turbulence that minimized the slope of [Fe/H] derived from the individual lines as a function of, respectively, the excitation potentials (EP) and the EW s of the lines. Then we chose the surface gravity that minimized the difference between iron abundances derived from Fe I and Fe II lines ("log g model "is used to refer to the gravity derived by the stellar atmospheric model hereafter). We selected the average of the Fe abundances derived from the Fe I and Fe II analysis as the metallicity.
The method is iterative (find more details in Kang et al. 2011 
Measurement of the Emission Width of a Ca II K Line
In the past, both Ca II H and K lines were used to derive WBR because of the low spectral resolution. However, in high resolution spectroscopy, it has been revealed that the Ca II H line is contaminated by other adjacent lines, and thus only the Ca II K line can be used for WBR (Wilson 1976) . Hence, we also used Ca II K emission line widths to derive the WBR of our samples.
We measured the widths of the Ca II K emission lines for our samples using the method from Pasquini (1992) , Dupree & Smith (1995) , and Pace et al. (2003) . The width of the Ca II K emission line is defined as the wavelength difference between the half intensities of two emission peaks (dashed lines in Fig. 1 ). The widths calculated by this method show better correlation between M V and log W than those of Wilson's method, which uses the wavelength difference between two minimum points. We define the errors of the line widths
(1) as the standard deviation for the stars observed more than three times or (2) as the half difference between the largest and the smallest values measured for the stars with 2 or 3 spectra. The UVES data are observed at least twice. However, only three stars were observed more than once with BOES. Therefore, for the three stars, we applied the same method as used for the UVES data. Then, the average value of the three errors was adopted for the stars observed with BOES only once. Measured widths of the Ca II K emission lines are listed in Table 1 . Lutz (1970) defined W 0 as the width at half-maximum of the emission profile, with a correction applied to account for the resolution limit of the spectrograph itself, which may broaden the lines. Dupree & Smith (1995) and Pace et al. (2003) did not correct for instrumental broadening because this effect was much smaller than the observed line width of the emission component. The predicted width of the BOES instrumental profile is about 0.1Å, which we estimated from the emission lines in the comparison lamp spectrum and is 5 ∼ 28 % of the line widths of the Ca II K emission line of our samples (the median value is ∼ 15 %). The width of the UVES instrumental profile is about 0.15 ∼ 0.20Å (Cox et al. 2005) , but the data are provided as a reduced form, which are almost free from the instrumental profile. As a result, we ignore the instrumental broadening effect following Dupree & Smith (1995) .
Results
The Wilson-Bappu Relation
The absolute visual magnitudes (M V ) were calculated from apparent visual magnitudes (m V ) and trigonometric parallaxes, both of which are taken from the Hipparcos Catalogue (van Leeuwen 2007) . In order to minimize the absolute magnitude error, the samples were limited to stars which have parallax errors less than 10%. As a result, 125 stars were selected, and are listed in Table 1 , along with their calculated absolute magnitudes.
Using M V and the width of the Ca II K emission line (log W ) (Table 1) , we obtained the WBR by a linear least squares fit weighting of the M V errors. In this fitting, we considered the Lutz-Kelker effect; Lutz & Kelker (1973) noted that there is a systematic error in absolute magnitude as the observed parallaxes are larger than the true parallaxes on average. This systematic error is related to the ratio of parallax error to parallax ( Table 1 in Lutz & Kelker (1973) or Table 3 larger than 0.075, for which 0.11 mag must be applied to correct for M V . As a result, our WBR is
as shown in Fig. 2 . M V and log W show a very tight correlation, with a Pearson's correlation coefficient of 0.98, and the standard deviation is 0.66.
Extinction can affect the absolute magnitudes of stars. However, the distance to most of our sources (114 stars) is less than 200 pc. When we used only the 114 stars within 200 pc to minimize the extinction effect as in Pace et al. (2003) , the derived WBR was not very different (0.03 mag) from our original WBR (Eq. (1)).
We also examined the effect of metallicity in our WBR. The metallicity of our samples for all of our sources, and it is 0.29 for the stars that have metallicity smaller than 0.0.
Therefore, we conclude that there is no metallicity dependence of the WBR in our sample, as noted in previous studies (Wilson & Bappu 1957; Gomez et al. 2012 ).
In order to evaluate our measurements, we compared our W s with those in previous studies by Pace et al. (2003) and Wallerstein et al. (1999) . The data used in Pace et al. (2003) were obtained under very similar conditions to our sample; they used high resolution spectra (R ∼ 60,000), parallaxes and visual magnitudes from the Hipparcos Catalogue (ESA 1997) , and same definition of the width of the Ca II K emission line. However, the data from Wallerstein et al. (1999) were obtained under different conditions from ours; they used Hipparcos parallaxes (ESA 1997) and Ca II K emission line width adopted from between M V calculated by our WBR (125 stars) and the WBR with the extended sample (582 stars). Therefore, this test supports that our WBR is well-calibrated.
Emission Width as a Surface Gravity Indicator
log W has a tight relationship (WBR) with M V , which is associated with effective temperature and stellar radius;
where W is the width of the Ca II K emission line. Hence, we revisit WBR in order to derive the surface gravities of late-type stars based on homogeneous high spectral resolution observations, using a consistent analysis across the sample.
Using 80 G and K type stars with determined atmospheric parameters, first, we derived the relation between the width of the Ca II K emission line (log W ) and surface gravity (log g model ) as log g fit = 16.88 -7.85 log W (Fig. 6) . However, as expected, log W varies with temperature at a given gravity, as seen for log g model > 4.0 in Fig. 6 (a smaller log W at a lower temperature). Therefore, we take into account T eff in order to determine the relationship between log g model and log W .
From a linear regression analysis of log g model with log W and log T eff , we found that log g fit has the following strong relationship with log W and log T eff , log g fit = −5.85 log W + 9.97 log T eff − 23.48.
(2) Fig. 7 shows the relation between the model-determined surface gravity, log g model , and the surface gravity estimated by Eq. (2), log g fit . The standard deviation of the differences between log g model and log g fit is 0.21 dex.
Therefore, Eq. (2) can be used directly in order to estimate the stellar surface gravity of a late-type star within this uncertainty when the width of the Ca II K emission line is measured, and the effective temperature of the star is known.
Discussion
Application of WBR to the Distance
WBR can be used as a distance indicator since the absolute visual magnitude can be calculated with the Ca II K emission line width. We applied our WBR to the open cluster M67 in order to calculate its distance modulus by using the spectra in Dupree et al. (1999) .
Dupree et al. (1999) used Ca II H & K emission lines with intermediate resolution (R ∼
30,000) echelle spectra of 15 red giants in M67. We have adopted 5 of the best quality spectra (Sanders ID numbers : 978, 1016 , 1221 , 1250 , 1479 , shown in Fig Table 2 .
Based on their WBR, Pace et al. (2003) calculated the average distance modulus of M67 as 9.65 mag (± 0.2 mag). In previous studies (Montgomery et al. 1993; Carraro 1996; Sarajedini et al. 2009 ), the range of the average of M67 is 9.55 ≤ (m − M) V ≤ 9.85 mag.
To estimate the distance modulus to M67 using our WBR (M V = 33.76 -18.08 log W ),
we measured the widths of the Ca II K emission lines for the 5 stars listed above. The absolute magnitudes of the stars calculated with our WBR are listed in Table 2 . The mean distance modulus of the 5 stars is 9.86, which is similar to 9.90, the mean distance modulus of the same 5 stars calculated by Pace et al. (2003) . Our distance modulus also agrees well with values derived in previous studies (Montgomery et al. 1993; Carraro 1996; Sarajedini et al. 2009 ). 
Comparison with
We can rearrange Eq. (4) to derive log g as log g = −4.31 log W + 7.67 log T eff − 17.9.
As noted above, the majority (86%) of our sources are close to solar metallicity, and even including the full sample, the dependence of log g on [Fe/H] is very minor. Therefore, we can directly compare the Eq. (2) with Eq. (5). The mean difference in log g between these two equations is ∼ 0.31, applied across the full sample. Lutz & Pagel (1982) used low resolution spectral data and stellar atmospheric parameters from the literature; we have derived log g of each sample star using a consistent detailed analysis with homogeneous high resolution spectral data. Therefore, we believe that the equation of gravity derived in this study is more robust.
Application to M Type Stars
In this study, only G and K type stars were used to determine the relationship among log g, log T eff , and log W because of temperature limits in the Kurucz ATLAS9 model grids (T eff ≥ 3500 K). In order to apply this relation to M type stars, the effective temperatures of M type stars need to be calculated by other methods. We applied the (V-K) color method to G and K stars, whose temperatures are derived using the stellar atmospheric model, and and the values reported in other studies is less than the standard deviation of log g fit (σ log g,fit = 0.21). Therefore, we conclude that the relation determined in this study can be a useful tool to calculate the log g of late-type stars without using stellar atmospheric models.
6. Summary 1. We derived the WBR (M V = 33.76 -18.08 log W ) for 125 late-type stars, whose parallax errors are smaller than 10%, using high resolution echelle spectra obtained from BOES and UVES and visual magnitudes and parallaxes taken from the Hipparcos Catalogue.
2. Our WBR seems well-calibrated when compared to previous studies (Wallerstein et al. 1999; Pace et al. 2003) .
3. We applied the WBR to M67 to calculate its distance modulus by using the spectra from Dupree et al. (1999) . Our mean distance modulus from 5 stars agrees well with previous results. Therefore, we believe that our WBR is well-calibrated.
4. We determined the stellar atmospheric parameters (T eff , log g, [Fe/H], and ξ tur ) with a stellar model atmosphere (Kurucz ATLAS9) and an abundance analysis code (2010 version of MOOG). Using log g and log T eff determined by the model, and the measurements of the Ca II K emission line width (log W ), we found a relation of log g fit = -5.85 log W + -15 -9.97 log T eff -23.48 with the standard deviation of 0.21 dex.
5. The surface gravities calculated with the above equation for 4 M type stars agree well with those values derived in previous studies within the standard deviation of log g f it (σ log g,fit = 0.21). Therefore, this relation can provide a simple way to calculate the surface gravity of late-type stars without using stellar atmosphere models.
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